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Red, paramagnetic (”B = 7.99 B.M., 5-50K) bis({pentamethyl-
cyclopentadienyl)europ ium{I1)(tetrahydrofuran)(diethylether),
(MesCs)oEu(THF)(Et,0) is isolated from reaction of three molar
equivalents of sodium pentamethylcyclopentadienide and europium
trichloride in refluxing tetrahydrofuran, after crystallization from
diethyl ether, The monotetrahydrofuran complex, (MeSCS)ZEu(THF)S
may be isolated by use of toluene rather than diethyl ether as the
crystaliization solvent. Red, diamagnetic bis(pentamethylcyclo-
pentadienyl)ytterbium(II)(tetrahydrofuran) is isolated from the
reaction of ytterbium dichloride and sodium pentamethylcyclopen-
tadienide in refluxing tetrahydrofuran, The diethyl ether complex,
(Megcg)ZYb(OEtz)g may be isolated by crystallization of the tetrahydro-
furan complex from diethylether. The hemi-toluene complex, (MeSCS)Z
Yb(THF)*1/2 toluene, can be isolated by recrystallization of the
tetrahydrofuran complex from toluene. As these divalent metallocenes
are the first hydrocarbon-soluble Tanthanide derivatives to be

isolated we have examined the latter complex by X-ray crystallography.
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Crystals of (MeSCS)2Yb(OC4H8)°1/2(66H56H3) crystalline in
the monoclinic system, P2y/n, with a = 11.358(8) A, b =21.756(19) A,
c =10.691(7) A, and g = 101.84(5)" at 176K. For Z = 4 the calculated

density is 1.37 g cm .

The ytterbium atom is coordinated to the
oxygen atom of a tetrahydrofuran molecule and to two pentamethyl
cyclopentadienyl rings. The molecule has approximate CZ symmetry
about the Yb — 0 bond. The Yb - 0 distance is 2.41 A, the Yb - C
distances average 2.66 A, and the Yb-Cp (centroid) distances average
2.37 A, The MeSC5 rings are in a staggered configuration with

respect to each other. The methyl groups of the MeSC5 groups are dis-
placed by .03 to .21 A from the planes of the five-membered rings away
from the ytterbium atom. The toluene molecule is not coordinated to
the complex and is on a center of symmetry in a disordered configu-

ration. The 3466 data with F2 > 30 refined by full matrix least-

squares to a conventional R factor of 0.036,



Introduction

In contrast to the reasonably extensive literature associated with
trivalent lanthanide organometallic compounds, the divalent oxidation
state of these metals has been largely igﬂoredal Yellow, paramag-
netic (up = 7.63 B.M.) and red, diamagnetic biscyclopentadienyl-
europium and -ytterbium, respectively, were first prepared from the
metal and cyclopentadiene in liquid ammaﬁiaez The compounds are
insoluble in solvents with which they do not react, though some
coordination complexes with, for example ammonia, have been iso-
lated. The preparation of CpZYb from the metal and diene in liquid
ammonia is not straightforward since two other cyclopentadienyl-
containing products, Cngb and a species formulated as CpyYboNoHy,
have been isolated.S Alternative synthetic schemes have been
devised which give szYb jn good yie?dag The Tatter paper also
reports that CpZYb is green when pure, rather than red as was
initially repar%edez An insoluble, purple, paramagnetic
(“B = 3.6 B.M.) derivative of samarium(Il), Cp,Sm(THF), has also
been descrﬁbedgg The insoluble cyclooctatetraene (COT) derivatives,
(COT)Eu and (COT)Yb, have been briefly men‘cioneda6 An ether-soluble

pentafluorophenylytterbium species, (C6F5)2Yb(THF)47

and some insoluble alkynyl derivatives, (RC = C)ZM, of ytterbiumS’g

9 have also been described.

and europium
The general pattern which dominates the rather meager knowledge of
divalent Tanthanide organometallic chemistry is their Tack of vola-

tility and solubility. This is doubtless due to some type of polymer
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formation, possibly similar to that found for CpZCaolo Use of

sterically demanding ligands to stabilize Tow coordination numbers is a
strateqgy that can be used to prevent polymerization. Replacement of the
five hydrogen atoms of a cyclopentadienyl group with five methyl groups,
giving the pentamethylcyclopentadienyl group, greatly increases the steric
bulk of the ligand. This is shown, by way of example, by the observation
that dicyciopentadieny?manganesel1 has a polymeric constitution in the

solid Statelz

13

whereas bis(pentamethylcyclopentadienyl)manganese is
monomeric. In this paper we describe some coordination complexes of
bis{pentamethylcyc lopentadienyl)—europium(II) and -ytterbium(II) and the

crystal structure of one of them, (MeSCS)ZYb(THF)GI/Q toluene.



Experimental Section

Microanalyses were performed by the microanalytical laboratory of
this department. The 1H(QO MHz) and Beilyy (22.5 MHz) nuclear
magnetic resonance spectra were recorded on a Joel FX-90 in
to?uene«dg solution and referenced to Me45i (6 = 0). Infrared
spectra were recorded on a Perkin-Elmer 597 machine as Nujol mulls
between cesium iodide windows. The magnetic susceptibility measure-
ments were performed as previously describedel4 A1l operations were
performed under nitrogen.

Bis(pentamethylcyclopentadienyl)europium(11)(tetrahydrofuran)

(diethyl ether). Sodium pentamethy?cyc70pentadienide15 (9.72g,

0.0614 mol) in tetrahydrofuran (75 mL) was added to a suspension of
europium trichloride (5.30g, 0.0205 mol) %h tetrahydrofuran (75 mL).
A blue colored solution developed immediately which slowly turned
brown-red at room temperature. The suspension was refluxed for 12 h,
Tetrahydrofuran was removed in vacuum, the residue was extracted with
diethyl ether (2 x 150 mL), and the combined extracts were concen-
trated to ca. 100 mL. Cooling (-10°C) afforded red prisms in

65 percent yield (7.5q), mp 181-182°C. The complex is soluble in
aliphatic and aromatic hydrocarbons and in ethereal solvents. The
complex decomposed upon attempted sublimation in vacuum at ca. 140°C.
Anal. Calcd for C28H48Eu02: C, 59.1; H, 8.51. Found: C, 59.1; H, 8.43,
A sample of the complex was dissolved in benzene and hydrolyzed with
water. The H R spectrum of the benzene solution showed tetra-

hydrofuran and diethylether present in ca. equal amounts, The compound



follows Curie behavior from 5-50K with Mopf = 7.99 B.M. and

C=7.91. IR, 2713w, 1627w, 1313w, 12896w, 1248w, 1208w, 1185w,
1147m, 1119w, 1089w, 1054m, 1032s, 1003w, sh, 927w, 896s, 837w, 828w,
818w, 79m, 777m, 766w, 721m, 649w, br, 624w, 585m, 506m, br, 353w,
br, and 248s, br cm“ls

Bis(pentamethylcyclopentadienyl)europium(11)(tetrahydrofuran),

Bis(pentamethylcyclopentadienyl)europium({tetrahydrofuran){diethy]
ether) (1.5g, 0.0027mo1) was dissolved in toluene (25mL) and the
solution was concentrated to ca. 10m.. Cooling (~70°C) yielded red
prisms in quantitative yield, mp 178-181°C, Anal. Calcd for

CogtygEul: C, 58.3, H, 7.74. Found: C, 58.63 H, 7.56 IR: 2714w, 1637w,
br, 1292w, sh, 1281w, 1243m, 1209m, 1027s, br, 952w, 928w, 898s, br,
834w, sh, 794w, 723m, 691w, 637m, br, 587w, 462w, 357m, br, 258s, br
cm“le Crystallization of the monotetrahydrofuran complex from

diethyl ether yields (M85C5)2EU(THF)(OEt2)G

Bis(pentamethylcyc lopentadienyl)ytterbium(II)tetrahydrofuran.

Sodium pentamethylcyclopentadienide (3.97g, 0.0251 mol) in tetrahydro-
furan (75mL) was added to a suspension of ytterbium dichioridelg
(3.06g, 0.0125mo1) in tetrahydrofuran (75mL). After refluxing for
12h, the deep purple suspension was evaporated to dryness, and the
residue was extracted with diethyl ether (2 x 100mL). The combined,
green extracts were concentrated to ca. 100mL and cooled (-10°C). The
red prisms were collected and dried in vacuum, yield 5.5g (85%). When

heated in a sealed capillary the complex shrank at ca. 120°C and

melted at 206-209°C. Anal. Calcd for C24H380Yb: C, 55.9; H, 7.43,



Found: C, 56.2; H, 7.32. The complex is solubTe in aliphatic and
aromatic hydrocarbons and ethereal solvents. The complex decomposed
upon attempted sublimation in vacuum at ca. 125°C. The U nuctear
magnetic resonance spectrum (-25°C) consists of multiplets at & 3.42
and ¢ 1.41 due to the o- and g~ protons of tetrahydrofuran, respec-
tively, and a singlet at § 2.12 due to the methy! protons of the

13C{1H} nuclear

Me5C5 rings in area ratio 4:4:30, respectively. The
resonance spectrum (-25°C) consists of singlets at & 111, 69.5, 25.7,

and 11.5 due to (MQSCS)ZYba

Yb(OCH,CHoCH,CH,) Yb(OCH,CH,CH,CH,)

and (MegCs)o¥b, respectively. IR: 2719w, 1646w, br, 1322w, 1297w,

124%m, br, 1221w, 1151w, 1093w, 1067w, sh, 1034s, br, 916w, 882s, br,
801w, 783w, 723m, 669m, br, 627w, 592m, 483w, 472w, 361lm, br, 308m and
2585, br cmL.

Bis(pentamethylcyclopentadienyl)ytterbium(11){diethylether). This

comp lex was crystallized from the mother liguor which yielded the
monotetrahydrofuran complex (above). Green needles in ca. 5% yield
were isolated after most of the tetrahydrofuran complex had crys-—

tallized. The complex decomposed without melting at ca. 145°C.  Anal,

Calcd for CZ4HAOOYb: C, 55.73y H, 7.79. Found: C, 55.7: H, 7.58, The
1H nuclear magnetic resonance spectrum (PhHmd69 +35°C) consisted of a
quartet centered at § 3.15, a singlet at ¢ 2.16, and a triplet at

§ 1.04 due to CH3£§20Yb9 (ESSCS)ZYb9 and CHaCH,0YD in area ratio
4:30:6, respectively. IR: 2720w, 1633w, 1284w, 1262w, 1180w, sh,
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1163w, sh, 1149s, 1123w, 1097w, sh, 1977s, br, 1041m, 1079w,

980w, sh, 948w, 929m, 839s, 829, sh, 797w, 722m, 592m, 552w,
482w, 443w, 355m, br, 303m, and 268s, br cm“le

Bis(pentamethylcyc Topentadienyl)ytterbium(11)(tetrahydrofuran)

(hemi-toluene). Sodium pentamethylcyclopentadienide (3.52g,

0,0227mol) in tetrahydrofuran (75mL) and ytterbium dichloride (2.71g,
0.0111mo1) in tetrahydrofuran (75mL) were refluxed for 12h. Tetra-
hydrofuran was removed in vacuum and the residue was extracted with
toluene (150mL), the solution was concentrated to ca. 80mL, and was
cooled to -70°C. The brown-red prisms were collected and dried in
vacuum, yield was 4.6g (74%). When heated in a sealed capillary the
complex darkened at ca. 195°C and melted at 204-206°C. Anal. calcd
for Chy gHoOYb: C, 58.8; H, 7.54; Found: 58.5; H, 7.27. [IR: 2719m,
1604m, 1337w, 1259m, 1242w, sh, 1174m, br, 1079w, 1022s, 918m, 868s,
br, 843w, sh, 795w, 730s, 694s, 671m, 589w, 48lw, sh, 466m, 360m, br,
304s, br, 282w, sh, and 268s Cm“lﬁ

X-Ray

Crystals were sealed in quartz capillaries and mounted on a Picker
FACS-I automated diffractometer eguipped with a graphite monochro-
mater, a Mo x-ray tube, and a Syntex LT-1 temperature controller.
w~-scans of several Tow-angle reflections had a width at half-height of
0.15°. Least-squares refinement of the setting angles of 9 manually
centered reflections (40<2e<50°) using MoKo (x» = 0.70930 A)
radiation gave a = 11.358(8) A, b = 21.756(19) A, ¢ = 10.691(7) A,
8 = 101.84(5)°, and V = 2585.6 A% at 176(5)K. The observed
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extinctions are unigue to space group le/ﬂe With Z = 4 and a
molecular weight of 533.62 g moT"la the calculated density is
1.37 g cm”3°

Intensity data were collected for two forms to 50° in 2e using
e-26 scans with a scan speed of 2° /min on 2e, a scan range from 1.5°
below the K@l peak to 1.5  above the Kaz peak, and with back-
grounds counted for 10 seconds at each end of the scan range. Three
standard reflections, measured after every 200 reflections, decreased
in intensity by 6 percent during data collection and the measured
intensities were corrected accordingly. Data were collected at low
temperature (176K) to minimize severe crystal movement, which was
evident at room temperature. Due to occasional problems with the
temperature controller, data for portions of the second form were
unreliable and not used. Absorption corrections to the data were not
applied, because attempts to fit an analytical absorption correction
to the intensity variation of azimuthal scans were unsuccessful as the
crystal shape permitted a re-entrant beam in some orientations
(u= 36,2 cm"’“1 for Mo Ka radiation and approximate crystal dimen-
sions were 0.12 x 0.16 x 0.22 mm). Intensities of the 8544
reflections measured were corrected for Lorentz and polarization
factors, extinctions were removed, and equivalent reflections were
averaged to yield a set of 4592 unique reflections.

Trial coordinates for the vtterbium atom were ohtained from a
three~dimensional Patterson function and were refined by least-

squares. A Fourier calculation then revealed all non-hydrogen atoms



-8

of the pentamethylcyclopentadienyl (Cp) rings and the tetrahydrofuran
(THF). A series of isotropic and anisotropic least-squares refine-
ments, followed by a difference synthesis, gave a difference Fourier
map with peaks of electron density (3 to 5 eiﬂg) near a center of
symmetry. These peaks could be interpreted in terms of two partially
overlapping sets of toluene carbon atoms as shown in Figure 1. In the
final cycles of refinement, all non-hydrogen atoms exéepﬁ those for
toluene were refined anisotropically; the carbon atoms for toluene
were refined isotropically and were not restrained except to assign
full occupancy to atoms C(25) and C(26), and half occupancy to atoms
C(27), €(28), and C(29). The refinement converged to the positions
given in Table I with the changes in parameters in the last cycle all
0.07¢ or less. The data were inspected for evidence of extinction,
but an extinction correction was not indicated. Thermal parameters
and structure factor amplitudes are included in the supplementary
material,

The full-matrix least squares program minimizes the function
Zw]Ath/szg where the assigned weights, w = [@(F)]“Zs are derived
from s(FZ) = [32 + (pFZ)Z]}‘/2 where S% is the variance due to
counting statistics and p = 0.04. Scattering factors for neutral

atoms were those of Doyle and Turnew17

corrected for anomolous
dﬁspersionolg Discrepancy indicies for 255 parameters varied with

3466 data having F2>35(F2) are
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R=2|F | - IFeol /Z!FDH: 0.037
Ry = 2[w(|Fol = |F[)%/mw F21H2 < 0,049

R for all 4592 data is 0.053 and the estimated standard deviation in
an observation of unit weight is 1.58. A difference Fourier calcula~
tion after the final cycle of least-squares refinement had a maximum

electron density of 2.0 e/f\3 tocated near the ytterbium atom.
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Results and Discussion

Addition of three molar equivalents of sodium pentamethylcyclo-
pentadienide to europium trichloride in refluxing tetrahydrofuran
yields the divalent species, (MeSCS)zEu(THF)(OEtz) upon crystalliza-
tion from diethyl ether. 1In contrast the mono-tetrahydrofuran
complex, (Megcg)gEu(THF)g is obtained when toluene is used as a solvent
for crystallization. These two compounds can be interconverted, e.g.,
crystallization of the mono-tetrahydrofuran complex from diethyl ether
yields (MeSCS)ZEu(THF)(EtZO)s whereas crystallization of the latter
complex from toluene yields (Me5C5)ZYb(THF), Thus the diethyl ether
ligand is rather labile, suggesting that it might be present in the
solid state as solvent of crystallization. The sensitivity of these
compounds to reaction or isolation conditions is further {llustrated
by our inability to isolate compounds from reaction of europium
trichloride with NaMeSC5 in refluxing toluene or with LiMeSC5 in
refluxing tetrahydrofuran. We have also been unable to isolate com-
pounds from europium dichloride and NaMe5C5 in refluxing tetrahydro-
furan.

The magnetic moment of (MeSCS)ZEu(THF)(OEtZ), ub = 7.99 B.M.,
follows Curie behavior from 5-50K. This 1is consistent with the857/2
ground state expected for a europous (f7) ion. The ability of sodium
pentamethylcyclopentadienide to reduce europium(III) to europium({II)
is not surprising as this reduction potential in aqueous acid solution

19a 19b

is -0.6v. Even lower values (-0.35v) have been estimated.
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The divalent ytterbium derivative, (Me5C5)2Yb(THF), is most
readily prepared from sodium pentamethylcyclopentadienide and ytter-
bium dichloride in refluxing tetrahydrofuran. Again, reaction and
crystallization conditions are critical. If diethyl ether is used as
crystallization solvent green (Me5C5)2Yb(OEt2) and red (Me5C5)2Yb(THF)
are isolated by fractional crystallization. If toluene is used for
crystallization (MeSCS)ZYb(THF)el/Z PhMe is isolated. Further, ytterbium
dichloride and NaMe5C5 (1:2 molar ratio) in refluxing diethyl ether or
LiMecCy (1:2 molar ratio) in refluxing tetrahydrofuran do not yield any
isolable compounds.
f14)

The divalent ytterbium(II) species ( is rigorously diamagnetic

(5-50K) as expected for a 180 ground state ytterbous ion and normal,

1H and 13C{lH} nuclear magnetic resonance parameters are

diamagnetic
observed (see experimental section). However, the proton chemical shift
of the methyl resonance of the MeSCS group is temperature dependent,
ranging from s 1.98 at 80°C to s 2.18 at -50°C. The tetrahydrofuran
resonances are also temperature dependent; between 80° and -50°C the
o-protons range from s 4.02 to § 3.30 and the g-protons range from
§ 1.81 to s 1.32.

Tables of atomic positions, distances and angles, and least-
squares planes are given in Tables I-IV. The three-fold coordination
of the Yb(II) ion is planar (see Plane 4 in Table IV) with the

ytterbium Cp(centroid) average distance of 2.37 A and an angle between

the centroids of the two Cp-rings of 144°. 1In addition, the average
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Cp-Yb-0 angle is 108°, giving approximate CZ symmetry about the Yb-0
axis as can be seen in Figure 2. The approximate 62 symmetry 1is
carried further in the THF molecule and in the staggered conformation
of the C5M85 groups (see Figure 3). The Cp-rings are planar and
normal to the Yb-Cp axis in both cases as indicated by the lack of
significant systematic variation in Yb-C (ring) distances. The methy]
groups, however, are bent out of the plane of each Cp-ring away from
the Yb(II) ion with the largest deviation in each ring (0.18 A for
C(9) and 0.21 A for C(17)) occurring for those methyl groups with the
closest intramolecular contacts. Otherwise, the CgMeg-groups have
normal geometry. The THF molecule is probably disordered since the
rms amplitudes of displacement for C(22) and C(23) are much larger
than for other carbon atoms and are highly anisotropic., Such disorder
is normal for THF mc?ecu‘]esazO Although the apparent bond angles in
the disordered toluene molecules are reasonably close to the expected
120°, the apparent bond distances are less satisfactory because they
are derived from averaged positions of several atoms that are not
necessarily coincident. A better test of the model uses the positions
of carbon atoms that are not overlapped by others, C(27), C(28)', and
C(29)' in Figure 1, to calculate a C-C bond distance for the toluene
ring. With distances of 2.47, 2.43, and 2.32 A between these atoms,
which would form an equilateral triangle if the toluene ring were
exactly a hexagon, the calculated C-C bond distance in the ring is

1.39 A, the expected value.
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The average ytterbium-carbon bond Tengths in the complex, 2.66 A,
less the seven coordinate ionic radius of the ytterbous ion (1.08 ﬂ)gzl
yields 1.58 A for the effective jonic radius of a pentamethyl-
cyclopentadienide group. This value is similar to those observed for
other Tanthanide and actinide cyclopentadieny! compounds (1.64 = 0.04 )
in which the metal-ring bonding is considered to be primarily
ionic922“24 Further, the ytterbium-oxygen bond length, 2.41 A, less
the ytterbous ionic radius, yields 1.33 A as the ifonic radius of a
three coordinate oxygen atom., A value of 1,36 A has been
Suggested621

We have been informed recently that a 1:2 complex, (Me.C

5 5)2Yb(THF)
25

29
has been isolated.
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Table 1. Positional Parameiersa

ATOM X y z

YB 68910(3) 64148(1) .30066(3)
0 9038(43) .6472(2) .3172(5)
c(1) 6798(7) .7042(3) .0842(7)
C(2) .6761(7) .7487(3) 1800(7)
C(3) 5646(6) .7425(3) 2186(7)
C(4) 4987 (7) .6941(3) .1460(8)
c(5) 5690(7) .6696(3) .0648(7)
c(6) 7800(9) .6958(4) 0100(9)
C(7) 7678(9) L7977 (4) .230(1)
C(8) 5228(9) 7833(4) .3187(9)
€(9) 3702(8) .6773(4) L145(1)
C(10) .5317(9) 6187(4) -.0330(9)
c(11) 5689(7) .5485(3) 3764(7)
C(12) 5574 (6) .5975(3) .4573(8)
C(13) 6705(8) 6105(4) .5355(7)
C(14) L7541(7) 5678(4) 5021(7)
c(15) 6907(7) 5303(3) 4034(8)
C(16) 4690(9) 5162(4) .287(1)
C(17) .4413(8) 6267 (4) L478(1)
C(18) 696 (1) 6568(5) 642(1)
€(19) .8853(8) .5611(5) 5679(9)
C(20) L748(1) 4770(4) .343(1)
c(21) 9948(8) .6869(5) .392(1)
C(22) 1.112(1) .6661(8) .369(2)
C(23) 1.092(1) 6210(6) .262(2)
C(24) L9642 (7) .6009(4) 254(1)
C(25) .0195(9) .4595(5) 077(1)
C(26) L191(1) 5126 (5) .020(1)
c(27) .059(2) .5002(9) .005(2)
C(28) .113(2) 5520(9) ~-.059(2)
€(29) 151(2) A473(1) .090(2)

The estimated standard deviation of the least significant digit is

given in parenthesis here and in the following tables.
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Selected Interatomic Distances ()

Tabhle TI.

Tetrahydrofuran
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Table 111. Selected Angles (deg)

Yb-Coordination Tetrahydrofuran
Cp(1)3-¥b-Cp(2) 143.5(3) €(21)-0-C(24) 108.4(6)
Cp(1)-Yb-0 107.7(3) 0-C(21)-c(22) 106.9(8)
Cp(3)-Yb-0 108.8(3) C(21)-C(22)-C(23} 109.5(10)

£{22)-C(23)-C{24) 102.8(9)
C(23)-C(24)-0 108.4(7)
Pentamethylcyc Topentadienyl
Ring 1 Ring 2
Internal Angles
C(5)-C(1)-C(2) 107.8(6) C(15)-C{11)-C(12) 107.4(7)
C{1)-C(2)-C(3) 107.9(7) C{11)-C{12)-C{13) 109.3(6)
C(2)-C(3)-C{4) 108.1(7) C(12)-C(13)-C{14) 107.2(7)
C(3)-C(4)~C(5) 108.5(7) C(13)-C(14)-C(15) 107.5(7)
C{a)-L(5)-C(1) 107.7(7) C(14)-C(15)-C(11) 108.6(7)
Average 108.0 Average 108.0
External Angles

C(2)-C(1)-C(6) 126.4(7) C{12)-C(11)-C{16) 126.7(8)
C(5)-C(1)-C(6) 125.8(8) C(15)-C{11)-C(16) 125.6(8)
C(1)-C(2)-C(7) 128.1(7) C11)=C(12)~C{17) 127.1(8)
C{3)-C(2)-C(7) 123.9(7) C{13)-C(12)-C(17) 122.9(8)
C(2)-C{3)-C(8) 124,7(7) C(12)-C(13)~C(18) 126.3(8)
C(4)-C(3)-C(8) 127.2(7) C(14)-C(13)-C(18) 126.3(8)
C(3)-C(4)-C(9) 125.8(8) C{13)-C{14)-C(19) 126.1(8)
C(5)-C{4)-C(9) 125.3(8) C(15)-C(14)-C{19) 126.3(8)
C{4)-Cc(5)-C(10) 126.0(7) C(14)-C(15)~C(20) 123.9(8)
C({1)-C(5)-C(10) 126.1(7) C{11)-C(15)-C{20) 127.4(8)
Average 125.9 Average 125.9
Toluene

C(25)-C(29)-C(26) 123(2)

C(29)-c(26)-c(28)'"  121(2)
C{28)'-C(25):~C(27) 119(2)

C(25)'-C(27)-C(25) 122(2)

C(27)-C(25)-C(29) 115(2)
Average 120

a Cpl and Cp%lrepresent the centroids of the cyclopentadieny?

moleties C

)-C(5) and C(11)-C(15), respectively.

b Primed carlon atoms are at positions x, y, z.
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Table IV. Perpendicular Distances (A) from Least-Squares Planes

Plane 1. Ring 1: C(1)-C(5)

Deviation of Atoms in Plane Distance to Plane
c(1) -, 006 C(6) -.079
C(2) +,002 C(7) -.072
C(3) +,004 €(8) -.028
C(4) -.007 C(9) ~.179
C(5) +.008 C(10) -, 049
Yb 2,383

Plane 2. Ring 2: C(11)-C(15)

Deviations of Atoms in Plane Distance to Plane
c(11) +,002 c(16) +,137
€(12) +,001 C(17) +,208
€(13) -,003 c(18) +.088
C(14) +,005 C(19) +,108
C(15) -,004 C(20) +,043

Yb ~2.367
Plane 3. Toluene: C(25), C(25)', Plane 4, Cplmengb~O

C(26), C(26)", C(27), C(28), C(29)"
Deviations of Atoms 1in Plane

C(25) +,022 Cp(1)? .008
c(25)'"  +.001 Cp(2) .008
C(26) -.011 Yb ~.020
C(26)"  +.034 0 .005
c(27) ~.062
€(28) +,054
c(20)"  -.038

See comment a in Table IIT.
See comment b in Table II1.




-2~

Figure Captions

Fig. 1.

Fig. 2.
Fig. 3.

Disordered model for the toluene molecule. Carbons C(25) and
C(26) were given full occupancy and C(27), C(28), and C(29)
were given half occupancy, corresponding to two toluene
molecules per unit cell containing four ytterbium ions.

ORTEP diagram showing atom numbering.

ORTEP diagram showing the staggered configurations of the Cp

rings.
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SUPPLEMENTARY MATERIALS FOR THE PAPER

DIVALENT LANTHANIDE CHEMISTRY; BIS(PENTAMETHYL
CYCLOPENTADIENYL JEUROPIUM(II) AND YTTERBIUM(IT)
DERIVATIVES: CRYSTAL STRUCTURE OF BIS(PENTAMETHYLCYCL®-
PENTADIENYL )YTTERBIUM(II)TETRAHYDROFURAN HEMI
(TOLUENE) AT 176K

by

T. Don Tilley, Richard A. Andersen, Brock Spencer,
Helena Ruben, Allan Zalkin and D. H. Templeton
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OBSERVED STRUCTURE FACTORS, STANDARD DEVIATIONSe AND DIFFERENCES {(ALL X 3.0
Y8, (C5ICH3IEI2,0CkHL, 1/ 2{CEHS (CHED) FlDa0000 = 2907

FOB ANT FCA ARE THE OBSERVED AND CALCULATED STRUCTURE FACTORS.
S6 s ESTIMATED STANDARD DEVIATION OF F0Bo. DEL s /F0B/ = /FCA/.
# INDICATES ZERO RWEIGHTED DATA.

L FOE Sb DEL L FOB 56 DEL L FOB 3G DEL L FOB S6G BER L FOB SG DEL
HeKe o 8 i 258 19 7 3 257 12 ~43 5 36 14 =5% HoKz 0o 17
2 &74 10 8 5 &1 15 9% 4 295 15 7 6 24 27 3¢ 1 127 11 =4
4 241 5 =3 & 157 & =7 5 37 37 ~u® 7 232 & =& 2 67 & =2
6 213 5 =10 7 870 & 6 € 135 § =3 8 69 10 40 3 333 7 8
6 333 7 =3 8 276 17 =13 7 24% 14 =8 9 263 20 =6 b 478 5 i
i0 293 6 =3 9 156 5 -4 8 218 12 =7 40 79 6 -1 5 318 14 2
12 1680 5 5 10 241 12 -2 9 246 214 -1 41 206 6 4 6§ 874 5 3
HoK= 0o 1 11 614 8 2 186 188% 16 -0 HeKs 0, 13 7 186 6 =i
i 310 9 3 12 177 5 6 11 191 6 8 4 123 3 =2 § 10 7 =9
2 27¢ 15 a HoKg 0o & HeKe 05 9 2 327 7 1S 9 38 22 5%
3 540 28 8 1 %17 10 28 i 112 3 8 § 230 5 =2 HeKs Bo 18
&b b4 16 -34 2 356 414 -6 2 494 12 29 b &bt 19 14 0 25 9 7
5 48¢ 12 -1 3 57 7 @26 3 137 & 6 5 227 18 -1 i 89 7 2
6 378 13 =18 b 672 47 -1i4 b 430 21 =12 6 34k 14 -5 2 360 8 0
7 224 5 =1 5 2i4 11 ~3 g 82 & i 7 15 & 7 k! 0 40 -15%
8 480 7 1ig 8 532 3& =14 6 423 25 5 & 100 5 =43 h 75 9 =6
9 88 8 & 7 89 4 14 7 49 37 -2% 9 41 L5 37* & 26 29 a*
i 4€ 27 =3® 8 187 9 -3 8 223 5 i 46 26 35 21* € L07 4 7
41 448 11 L% 9 26 32 42% 9 18 27 =3% HeKm 0o 18 7 906 8 9
i2 143 5 0 40 413 27 -14% 16 38 16 18% B L25 9 15 € 490 6 -3
HeKe 0o, 2 11 24 27 i* 14 58 8 =7 L 59 6 14 HoKe 0o 49
0 188 5 20 12 147 6 =& HeKe fo 180 2 %19 9 18 i 22 &9 -19*%
11010 40 =40 HeKs fo & 0 5i6 11 23 § 23 2% 0* 2 219 6 -1
2 404 28 <2 0 679 16 68 1 282 & 186 L 155 & =2 3 88 5 5
§ 422 26 19 1 697 414 73 2 489 14 31 5 65 & =9 h 2T 6 8
L 37 20 46% 2 34§ L2 35 3 279 € 8 6 174 7 L 5 403 5 =3
5 20 22 =14% 3 474 22 8 b 28 10 L4 7 31 14 6% & 228 & =2
65 96 7 =0 & 58 & g 5 32 22 =24% B8 261 15 -5 7 40 6 -%
7 250 12 i 5 B5 10 <=7 6 129 12 =9 9 0 306 =6 8 405 8 =&
8 i02 & 5 6 144t 8 ] 7 78 S5 14 40 252 20 z Hole 0 20
9 220 8 ~1i5 7 228 15 -1 g 292 25 =0 HeKz (9 15 6 224 5 0
i 541 7 i 8 169 13 -1 9 149 16 =& 1 63 17 <=6% | 3kt 7 7
11 229 6 2 9 282 45 ~-11 10 247 17 6 2 221 5 2 2 158 & i
12 34 49 9% 40 166 4 & 11 136 5 ] 3 260 6 11 5 63 & -1
HeKe 3y 3 11 454 5 =1 HoK= Qo 11 L 352 12 =86 4 32 33 -6%
i 204 6 =& 12 82 & 5 i 226 65 4 5 307 L& 8 5 727 =4%
2 42z 23 =5 HeKe 0, 7 2 76 5 =2 6 259 14 =9 € 61 8 =15
3 w14 32 ~26 i 274 & 38 3 438 16 24 7 220 5 =3 7 4480 5 3
 25€¢ 15 =21 2 § 22 =47% & 482 5 12 8 103 5 =@ HeKa Do 24
5 €52 32 =10 3 735 34 47 5 457 26 19 9 76 6 =3 1 87 13 =18
& 283 16 ~i ] 6 21 =3% & 97 & -4 40 27 38 =-28% 2 77 & 6
7 31¢% 12 i & 556 36 -6 7 229 15 13 Hes (0o 16 3 250 & =6
8 132 & -8 6 48 & <=3 8 28 30 9% 0 24 29 8% & &1 11 13®
9 941 19 10® 7 337 2¢ 4 g2 95 5§ 5 i %10 9% 42 5 254 ¢ =§
ip 13 29 =~3* & 56 7 7 10 0 28 -28% 2 58 42 =2% & 66 7 =2
i1 83 8 i 9 48 39 -12% 11 62 6 -13 3 248 5 4 7 486 & =42
iz 60 7 2 10 22 36 ~=4* HeKa 0y 12 L 64 8 =9 HeKe f¢ 22
HeK® 0o &% 44 102 7 i g 280 6 32 5 22 34b 9% 0 172 ¢ 2
g 739 15 &7 HoKw 0o 8 i 472 10 22 ) § 26 =7% 4 235 5 3
i 420 9 24 i 43¢ 9 =2 2 112 4 6 7 €15 13 =2 2 480 5 -4
2 %1€ 18 =15 1829 14 11 3 341 7 13 8 50 9 =45 3 149 6 =3
3 457 5 &8 2 498 12 35 4t 68 5 3 9 233 15 =4 b b4 10 =427
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STRUCTURE FACTORS CONTINUED FOR

VB ICB{CHEIS) 2. 006HA. 1/2(CEHE (CHIY) PAGE 2
L FOB 56 DEL L. FOB S6 DEL L FOB 56 DEL L FOB 56 BEL L. FOB SG DEL
5 48 36 -20%* 12 g 26 =i5%-40 40t 5 g =6 345 23 3 g 557 9§ 21
6 37 20 L% HeKs 1¢ 2 =9 319 13 =15 =5 174 & 8 1601 13 35

HeKz @y, 283 =42 85 5 i =& 196 % =8 =4 7§ & {19 2 528 15 29

i G 28 =37%=-44 37 47 40% -7 331 17 -11 -3 130 & 22 3 364 13 10
2 198 6 =3 =10 306 7 -41 -€ 496 5 -2 -2 335 10 -3 b 281 14 3
3 22 27 =b8% -9 88 42 18§ =% 185 5 7 =1 §9 7 42 & 37 8 14*
& 263 b6 =2 -8 360 & =23 -4 22 29 44% 0 577 L2 54 & 46 32 ~=g*%
5 0 3 «-17% =7 404 4 =4 -3 252 12 ~8 i 272 6 3 7 88 S5 =3
HoKe 8y 2% =6 385 15 =43 =2 474 19 16 2 863 29 407 & 1he 8 1

0 20€ 7 =42 =5 20 36 =4i7% =4 452 14 2 3 262 1& 6 9 173 16 -1i0
i 153 5 -7 =4 88 & 15 b 249 5 9 L 296 17 18 10 166 & =7
2 i6¢ 5 =0 -3 187 & 8 £ 397 9 =5 5 248 22 7 11 129 5 =8
3 93 5 =1 =2 37 17 =15 2 93 10 61 & 20 25 16* Heks 4o 9
& 51 1D 7% =4 490 L7 =23 g 594 34 i 7 6% 8 i =43 181 5 2
HeKB (s 29 @ 968 28 =2 4 108 3 2 8 188 16 =15 ~4( 37 12 7%
i 407 5 -2 i 84 3§ 3 5 204 11 2 9 425 & =4 =9 36 411 14*®
2 4% 11 =4% 2 311 26 =26 & 20 22 13% 40 172 13 2 =8 29 43 =3¢
3 178 5 =2 5 &8 6 2 7 o440 & -7 44 138 & =8 =7 255 24 <10
HeKa 1o 8 4 294 18 <=9 8 1108 & & HeKB Lo 7 ~E 0 26 -30*%
=11 4780 5 ~ii 5 i85 12 3 9 251 18 ~4 =42 198 5 =3 =5 472 27 -5
=9 426 9 -4i8 & 33 34 =3% 40 1805 6 ~4 <41 35 46 26% =4 63 €& =3

=7 372 8 i 7 104 5 43 14 192 & =3 =40 433 L& =4 -3 584 22 14

-8 253 5 -13 8 240 14 3 42 79 8 =& =9 25 34 19% =2 186 & 8

=3 41§ 3 =14 9 98 10 -5 HeKs 4. 8§ =8 39 49 =28% =§ &79 106 23

-4 658 14t -80 410 234 5 =8 =12 &3 10 7 =7 0 39 =14* ¢ 36 9 25°%
i 989 20 46 414 TL 6 S =44 145 7. =1 =6 40L 26 -8 i 39 186 2%
3 Si6 41 44 12 203 5 2 =40 51 13 0* =5 12 29 e 2 7 & 14
5 213 5 =% HekKz 1o 8 =9 34 38 =6% =& 571 29 -1§ 3 266 10 414
7 131 & 3 =42 156 5 =3 =8 30 33 ~=9% =3 28 12 -2%* &4 136 3 8
9 29¢ 7 =4 =14 83 5 =7 =7 245 6 -2 =2 621 19 32 £ 396 25 i

11 2641 6 g =16 88 7 =4 -6 36 16 5% =1 12 § 16 &€ 72 & -4

HoKe 1o & =9 36 &2 3&% =& 528 31 =15 @ 384 9 68 7 340 23 2
=42 169 5 =0 -8 66 15 5 =4 196 11 i i 160 3 7 8 6 &6 =7%
=34 107 5 b =7 148 & =6 =3 934 46 58 2 282 L1 L4 € 213 19 0
=46 64 8 2 =6 384 12 =2 =2 202 5 &i § L6 & 40 10 23 27 16*%

=9 71 13 i =5 328 15 g =4 8% 7 =5 b 404 25 13 14 36 19 4z2*

-8 94 6 7 =4 €85 36 -22 g 109 3 17 5 79 & 6 HeKz 1 40

=7 423 10 1% =3 30 38 -22% 1 203 6 22 6 464 36 =15 =12 155 & -3

-6 18¢ 14 5 =2 58 3 -2e 2 282 12 &7 F 67 7 1 -1 848 5 =9

=5 37& 414 =16 -1 344 12 K 3 511 38 1% 8 308 26 =4 =9 277 21 -8

=4 437 12 <=7 § 352 8 1ib 4 53 5 =if 9 28 28 =11% =8 167 4 &

=3 46¢& 15 =5 i 443 8 &5 £ EL3 45 =8 40 57 13 4% =7 302 18 =2
=2 403 13 ~15 2 344 20 20 € 168 5 -18 11 &9 410 4% =5 88 & =9
=1 405 13 =44 3 336 24 12 7 384 28 -3 HeKe 1y 8 =5 - 81 6 =ii

0 1872 & -4 b 517 37 9 8 105 5 =9 =42 65 7 8 =% &2 9 i®

i 164 7 415 5 874 17 6 g 135 14 -0 =44 116 5 =3 =% B89 & =6

2 26% 12 ) 6 b6 27 =8 48 36 23 7#=-40 207 5 =i =2 131 3§ -4

3 &3< 417 19 7 181 4 =3 11 6 27 5% =9 224 40 =8 -3 433 9 14
b 367 46 =B 8 297 14 =4 12 29 34 17® =B 298 20 =& g 273 & 20
5 394 16 -4 g 1414 7 =7 HeK= 1o & =7 240 16 =8 i 549 11 29
6 8328 7 -3 40 39 43§ L¥~12 122 5 3 =6 186 9 =42 2 §64 41 17
7 365 6 <=5 14 10 28 7#=-344 78 6 =9 <=5 200 11 5 3 637 13 2
8 203 6 7 42 53 9 1 -10 466 & =2 =& 197 15 10 4 B2 4 -4
9 169 8 11 HeKe 4, & =9 254 6 =41 =3 182 & 14 5 28 39 i#

10 38 12 -ii%*-12 27 31 7? =8 292 15 ~18§ =2 370 412 7 € 66 5 8

i1 &1 18 386%-11 1926 6 7 =7 246 i <=6 =i 282 6 17 7 475 B =4i{
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VBo{CB{CHEIE) 2. 0ChHHL, L/72(CEHS (CH3 D)

L FOB 56 DEL

8
9
10
i1

-4i
=18
=9
=8
=7
=6
=5
=
=3
=2
=3
8

2 @D o0 G w OF U & G R

- g

D B~ O Ut £ g B e

[}
= =
&

[ T ]
~ OB O

i04
192
84
192
Hg&g
77
i2¢
37
169
69
294
219
£9¢
227
503
i93
i4¢
42
1680
11 €
345
i6¢g
36 ¢
164
207
28
104
54
H@Kﬁ
60
20 €
96
292
89
26 ¢
35
21
29
338
117
g78
28¢
598
i5¢
240
58
104
3¢
i5 €
14
193
HsK@
79
17

929

-2

7
6 =7
7 =2
5 =i
s 1%
6 o
4 8
26 31%
b =3
8 28
i6 =3
5 =8
i9 =3
5 &4
10 50
b )
i1 =13
53 «=19%
b g -
3 )
i 11
5 5
2 =5
i1 L8
i6 =4
22 =344%
b =3
i6 7e
1o 42
13 =9%
i6 -=§
4 8
i8 =9
65 13
13 ii
ig -13%
23 3%
i =-13%
7 i6
3 &
12 23 -
6 12
12 25
3 &
5 15
3 3
g =2
37 =24%
6 =10
33 =17%
6 =16
1 13
B =5
31 2%
26 =5%
5 i

€3 o D = AT S RO e o

s

8§ pe
D 2

FoB
239
353
248
L& E
254
267
22

]

6
291
i76
373
187
252
107
148

0

HgKg

58
g7t
21
291
&2
197
i%
62
3k
392
70
503
i2
430
50
172
22
103
20
178
7

HoKs

29
30
56
87
228
308
334
334
284
188
10&

26
i70
268
267

SG
12
15
i1
13
5
3]
59
34
23
6
5
19
6
17
5
b
&9
ie
8
18
29
14
17
i1

DEL
=5
=2

3

i1

7

i
=24%
-Q%
-2%

=1
i
i
=6
i
=6
-q7%
16
=3
i2
g%
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i

-11%
=t

i8
2%
i3

=7
X

6%

-2
-{10%

=4 6%

-15%
6%

&
i

L
&
7
8
9

=9

=8
=7

=2

8
o8 6B m CN AR B Lad BN P2 ED peo

=8
=7
=6
=5
=&
-3
-2
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g

i

FoB
255
i96
1538
87
H@Kﬁ
37
295
L5
260
27
38
72
212
i7
4ps
107
&03

261
166
261
168
164
10
HgKﬁ
205
74
259
69
96
67
129

365
146
417

&G DEL
6 -2
12 -4
L =3
i1 i
i, 18
12 34*%
17 &
10 <=4%
i2 i
39 4i7#
37 -8%
7 =2
5 =4
24 5%
§ 11
b 7
g =1
8 9
5 7
&3 ~11%
7 410
36 4%
5 g
12 =5*%
1o 17
25 =3%
18 -=§*#
& 3
5 =7
5 =2
i6 -8
5 7
7 3
9 0
18 «31%
9 =9
& =3
i% g=
6 2
& 3
i1 =2
5 =5
5
5
g
5
i2
14
5
by
ig
L
35
é
5
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